Residual stress determination in oxide layers at different length scales combining Raman spectroscopy and X-ray diffraction: Application to chromia-forming metallic alloys In oxidizing environments, the protection of metals and alloys against further oxidation at high temperature is provided by the oxide film itself. This protection is efficient only if the formed film adheres well to the metal (substrate), i.e., without microcracks and spalls induced by thermomechanical stresses. In this study, the residual stresses at both macroscopic and microscopic scales in the oxide film adhering to the substrate and over the damaged areas have been rigorously determined on the same samples for both techniques. Ni-30Cr and Fe-47Cr alloys have been oxidized together at 900 and 1000 C, respectively, to create films with a thickness of a few microns. A multi-scale approach was adopted: macroscopic stress was determined by conventional X-ray diffraction and Raman spectroscopy, while microscopic residual stress mappings were performed over different types of bucklings using Raman micro-spectroscopy and synchrotron micro-diffraction. A very good agreement is found at macro-and microscales between the residual stress values obtained with both techniques, giving confidence on the reliability of the measurements. In addition, relevant structural information at the interface between the metallic substrate and the oxide layer was collected by micro-diffraction, a non-destructive technique that allows mapping through the oxide layer, and both the grain size and the crystallographic orientation of the supporting polycrystalline metal located either under a buckling or not were measured. Published by AIP Publishing. https://doi.org/10.1063/1.4990146
I. INTRODUCTION
In applications where processes are running at high temperatures and extreme environments, raising the operating temperature is a crucial key parameter to achieve higher efficiency, and thus economical benefit, as well as reduction of pollutants and CO 2 emission. Durability of oxidized metallic materials is therefore a major concern. For technological applications at high temperature, alloys mainly based on chromium and aluminum were developed to create, in oxidizing atmospheres, chromium oxide or alumina films providing a protection against further oxidation. One of the major problems that limit the use of these alloys is the loss of the protective character of the oxide films. Indeed, under many experimental conditions, the oxide film is no longer bonding to the substrate and various geometrical configurations of the debonded regions detrimental to the metal protection and due to residual stress relaxation can be observed (blisters, worm-like structures, buckles, spalls…). [1] [2] [3] [4] These behaviors give rise to numerous interesting physical and mechanical observations which need to be understood to optimize the efficiency of the oxide films. Attempts have been made to explain the delamination process by taking into account the compressive stress of the growing oxide film. It seems that the delamination patterns start from an initial debonded localized zone and involve crack propagation at the oxide/alloy interface, which leads to an increase in the size of the non-adherent zone. When a critical size is reached, with the help of the local stress, spalling can occur. However, the exact mechanisms inducing the increase of the buckle size and the occurrence of spalls are not completely understood. Indeed, the local stress value, mainly near the edge of a starting buckle, has to be known for calculating, for instance, the interface toughness distribution from modelling describing buckle formation and propagation. 5 The curvature of the debonded oxide film locally induces more compressive and more tensile stresses (either) in the upper and (or) lower film surfaces. This geometrical configuration locally modifies the stress level. Therefore, stress measurements need to be spatially resolved at the micron level (the length scale of the debonded features).
Chromium based alloys oxidized at high temperature develop a continuous a-Cr 2 O 3 chromium oxide (chromia) scale at the top surface which limits the degradation process of these metallic materials. 6 The residual stress value in the oxide layers after cooling is often high (a few GPa in compression), and a relaxation process by delamination of the layer may occur, leading to an oxidation recovery due to spalling and causing damage to metal integrity. An accurate knowledge of the stress level in oxidized materials is thus required. Raman spectroscopy or X-ray diffraction (XRD) techniques are often used to determine residual stresses in the chromium oxide layer. In Table I , a non-exhaustive bibliographical synthesis of several works concerning stress measurements based on those two techniques is given. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] It can be seen that even if the first works starting in 1986 are based on XRD, Raman spectroscopy has become the main technique to measure residual stresses today. However, to our knowledge, these two techniques have not been systematically used together to study residual stresses in the same thermal oxide/ metal system. The underlying physical phenomena related to the measurements done with these two methods are totally different, and thus, the comparison of the results deduced from both techniques is essential for quantitative and accurate determination of stress levels. While Raman microspectroscopy using a confocal microscope can easily determine local stress at the micron scale, conventional X-Ray diffraction available in most laboratories probes the material with a beam size of about 1 mm in order to get a reasonable signal over noise ratio. At third generation synchrotron facilities, diffraction beamlines delivering intense submicrometer poly-and monochromatic X-ray beams have been developed for stress mapping over large areas of several tens of microns with high spatial resolution in complex materials containing several phases and a broad range of grain sizes. 24, 25 In this work, a multiscale approach has been adopted to accurately determine residual stresses in both adherent and damaged parts of the chromium oxide layer. To reach this goal, Raman spectroscopy and XRD techniques have been chosen and employed on the same specimens since these techniques are non-destructive. At the macroscopic scale, residual stress magnitudes in adherent parts of the scale are determined by conventional XRD and Raman spectroscopy. At the microscopic scale, residual stress maps over different types of delaminations are performed by Raman microspectroscopy and Synchrotron micro-diffraction. With the X-ray penetration depth being larger than the oxide layer thickness, the structural state of both the substrate, close to the interface, and the layer has also been studied in the Laue diffraction mode.
II. EXPERIMENTAL A. Sample preparation
The detailed compositions of the Ni-30Cr and Fe-47Cr polycrystalline alloys used in the present study are given in All the sample surfaces were mechanically prepared with SiC paper and diamond paste to obtain a 3 lm metallic polishing finish which corresponds to an RMS roughness value of about 10 nm. Oxidations were done in a muffle furnace for temperatures ranging from 900 to 1000 C and with an annealing time of 3 to 18 h. Cooling down to room temperature was performed in open air using different substrates for varying the cooling rate in the range of 80-500 C/min. The oxide thickness obtained by thermo-gravimetric analysis increases with annealing temperature and time from 0.5 up to 3.7 lm for Ni-30Cr alloys and from 0.6 up to 8.6 lm for Fe-47Cr alloys.
B. Sin 2 w method for residual stress determination by XRD
The well-known sin 2 w method was applied for stress measurements in the texture-free polycrystalline oxide layers, w being the angle between the sample surface normal and the (hkl) diffracting plane ones. Let us recall that in diffraction techniques, the interatomic distance d for a particular (hkl) plane is taken as a strain gauge; its w angle dependence allows calculating the stress. Considering an equi-biaxial in-plane stress state in the oxide layer (stressfree surface, i.e., r 33 ¼r 13 ¼r 23 ¼0) and the rational definition of strains, the sin 2 w relation becomes 27 ln 1 sinh
where r is the in-plane residual stress,
are the X-ray elastic constants, h is the strained diffraction angle, h 0 is the stress-free diffraction angle, E ox is the Young modulus of the oxide layer related to measured (hkl) planes, and ox is the associated Poisson's ratio. XRD is thus sensitive to the elastic anisotropy of the material.
Taking into account Bragg's law
where k is the X-ray wavelength, 1/sinH and 1/sinH 0 can be replaced in Eq. (1) by the strained interatomic distance d and the stress-free interatomic distance d 0 , respectively. XRD measurements have been done for the (116) diffracting planes of the oxide layer ( 28 from the single crystal elastic constants. 29 All the oxide layers investigated in the present work do not show any crystallographic fiber texture, the relative diffraction peak intensities being similar to the ones of the powder diffraction files given by the International Center 2 w range between 0 and 0.8. In order to take into account the instrumental errors, XRD patterns measured for a stress-free silicon powder sample from the National Institute of Standards and Technology (NIST) have been recorded for the same seven w angles. An example of a sin 2 w plot is given in Fig.  2 for two different annealing temperatures, i.e., two different residual stress states. The linearity predicted by Eq. (1) is experimentally confirmed and the slope which is related to the in-plane residual stress is negative (compression) and increases with temperature. Furthermore, the XRD measurements have been done for positive and negative w values in order to check the presence or absence of in-plane shear stresses. 27 The two curves behave linearly and overlap at w¼0, meaning that the assumption of in-plane isotropic residual stress state is verified. The uncertainty is estimated to be 0.15 GPa taking into account instrumental errors and the fitting procedure applied to the diffraction peak profile for extracting the peak position.
C. Micro-Raman spectroscopy
A high-resolution spectrometer -XY Dilor-Jobin Yvon (Horiba group) -has been used. The exciting source is a helium-neon laser working at a maximal power of 10 mW with a wavelength of k ¼ 632.817 nm. The Raman spectrum of the chromium oxide shows at room temperature four E g modes and one A 1g mode. A typical spectrum for the oxide layer is shown in Fig. 3 . The A 1g vibration line which is the most intense corresponds to an isotropic optical mode and is then used for stress determination thanks to its sensitivity to the piezo-spectroscopic effect. The difference between the position of this line for an oxide layer under stresses r and its position 0 for a stress-free material is linked to the stress r by the following equation:
Concerning the macroscopic stress evaluation, fifteen spectra measured in different areas where the oxide layer is adherent to the substrate have been treated. The mean value of D then obtained gives the residual stress magnitude in the film. The 0 value is evaluated using a powder made of a scrapped a-Cr 2 O 3 layer. Positions of A1g lines are extracted from Gauss/Lorentz fitting of the measured spectra vibration lines after background subtraction. One major hypothesis of this method in thin films is related to the calibration procedure which allows determining the stress by measuring the shift of the Raman line. Indeed, the frequency shift calibration is obtained by applying three-dimensional hydrostatic pressure to a reference oxide powder, while the stress configuration for layers is two-dimensional with an out-of-plane zero stress-state at the free surface of the coating. A correction factor of 1.5 is then introduced in the equation giving the hydrostatic stress as a function of the Raman line shift in order to take into account (3)]. Furthermore, this method does not allow to take into account the elastic anisotropy of the oxide phase contrary to XRD which seems then more precise but in turn more difficult to carry out.
III. RESIDUAL STRESSES IN THE ADHERENT OXIDE LAYER
At the macroscopic scale, residual stress magnitudes are determined by conventional XRD using the sin 2 w method and Raman spectroscopy. The influence of the oxidation conditions on residual stresses in the scale is investigated.
A. Conventional X-ray diffraction A 4-circle X-ray diffractometer from Seifert (GE) manufacturer -XRD 3000 -has been employed for XRD stress measurements. This setup is equipped with a copper Ka Xray tube and a rear graphitic monochromator to eliminate iron fluorescence emanating from the sample. The size of the X-ray beam on the sample surface was about 2 mm 2 , and its penetration depth at 8 keV was larger than the thickness of the oxide layers (between 0.5 and 8.6 lm) formed at the surface of the alloys.
B. Comparison between Raman spectroscopy and X-ray diffraction
Residual stress investigations are carried out for both Ni-30Cr/Cr 2 O 3 and Fe-47Cr/Cr 2 O 3 systems using these two methods. The results are reported in Tables III and IV for all the studied samples. First, all the residual stresses are compressive with a magnitude ranging from 1.35 to 3 GPa depending on the oxidation conditions, the magnitude being larger at high temperature in agreement with the thermal stress contribution increase. Let us remark also that these stress amplitudes are comparable to the ones reported in Table I . Second, the correlation between values obtained with XRD and Raman spectroscopy (less than 100 MPa difference) is satisfying, which indicates that both techniques give good estimates of the residual stress magnitude in the chromium oxide films. It can be seen from both the NiCr and FeCr alloys that the stress (in absolute value) increases with the oxidation temperature and with the cooling rate up to 250 C/min; then, it remains constant at higher cooling rates. This dependence has been analyzed in detail in Ref. 31 . It has been shown that the maximum stress relaxation amplitude is obtained for the slower cooling rates, which is probably the consequence of the activation of non-destructive relaxation mechanisms occurring into the ceramic layer, such as viscoplastic-creep. Conversely, the delaminated surface fractions are maximum for the highest cooling rates.
The good agreement between these two techniques indicates the absence of the in-depth stress gradient in the oxide layer since the X-ray penetration depth is always larger than the oxide layer thickness in contrast to Raman spectroscopy where less than 1 lm in depth is probed. Furthermore, the different probe size used for macro stress determination, i.e., 1-2 lm for Raman and 1 mm for X-rays, indicates that the contribution to the total stress of delimitated areas is negligible. Let us recall that each Raman analysis for macro stress determination is repeated at least 12 times at different inplane locations of the adherent oxide layer in order to obtain a representative macro stress value.
From Eq. (1), an interesting parameter can be derived using the sin 2 w method: the stress-free inter planar distance d 0 . It is equivalent to the distance in a free-standing (i.e., FIG. 1 . Typical H-2H diffraction pattern of thermally grown chromium oxide layers measured at room temperature with a conventional laboratory diffractometer working with copper Ka radiation. A strong and flat background level principally due to chromium fluorescence (and also iron in the case of Fe-based alloys) when copper radiation is used has been subtracted. The substrate peak here corresponds to the (110) diffracting planes of the Fe-based body-centered cubic structure (2H ¼ 44.674 for pure Fe: ICDD-PDF file No. 6-696).
FIG. 2. Sin 2
w plots for chromium oxide layers grown at 1000 (diamondshaped) and 900 C (square-shaped) on Ni-30Cr alloys. Full and empty symbols correspond to wþ and w-angles, respectively. 
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Guerain et al. J. Appl. Phys. 122, 195105 (2017) stress-free) oxide layer but without removing it from the substrate which is almost impossible. Table V summarizes the values obtained for all the samples studied in this work. The agreement between all values is remarkable within the uncertainties (standard deviation of 0.0001 nm) and clearly indicates that the oxide phase structure is similar whatever the oxide-forming alloys. It also demonstrates the rather good quality of XRD measurements and analysis done in this study.
IV. RESIDUAL STRESSES ACROSS LOCAL DAMAGES
Raman micro-spectroscopy with its small probe size (2 lm 2 ) can also analyze stress at a local scale. It is thus possible to obtain stress maps related to delamination figures. For comparison, and in order to get reliable residual stress values, it is necessary to carry out synchrotron micro-diffraction experiments in identical oxide film regions.
Thus, residual stress mapping has been performed at the microscopic scale through different types of delaminations on the same specimens with both Raman micro-spectroscopy and synchrotron micro-diffraction. In the latter case, the ability to switch the X-ray beam from poly-to monochromatic radiation, while keeping the beam at the same place on the sample surface, allows studying both the substrate and the oxide scale.
A. Synchrotron micro-diffraction
Synchrotron experiments have been performed on beamline 12.3.2 at the Advanced Light Source (ALS) Berkeley 24 and beamline BM32 at the European Synchrotron Radiation Facility (ESRF), Grenoble. 25 Both instruments achieve an Xray spot size on the sample of 1 lm 2 through elliptically bent Kirkpatrick-Baez focusing mirrors. An MAR CCD detector was used at ESRF, and a DECTRIS Pilatus 1 M pixel array detector was used at ALS. The beam energy ranges from 6-14 keV at the ESRF and 6-22 keV at the ALS. The sample is placed on an XY stage and can therefore be raster scanned under the X-ray micro-beam. At each step, a diffraction pattern is collected via the 2D detector. The 2D diffraction patterns are analyzed using the XMAS software developed at the ALS. Feasibility tests with commercial chromium oxide powders have been first performed using micro-beam XRD (Fig.  4) . The test indicates that Laue patterns would be in principle possible from the growing oxide. Indeed, for such powder and also for the oxide films, the grain size (deduced for the films from AFM topological surface measurements) is in a range [0.1;À1 lm], well adapted for white micro-beam.
However, diffraction peak broadening analysis (not shown) has also been done for the oxide films to get the microstrains (lattice distortions) and the coherently diffracting domain (CDD) size and reveals that CDD is significantly smaller than the apparent grain sizes obtained with AFM (10 times smaller): from 0.07 to 0.12 lm when the oxidation temperature increases from 900 to 1000 C, for both the Fe47Cr and Ni-30Cr substrates. 32 The XRD experiments have been done in the H-2H mode, which means that the direction of the measurements is perpendicular to the sample surface. However, the sin 2 w analysis done with a four circle X-ray diffractometer does not reveal a strong variation of the diffraction peak profile with respect to the w angles except at large w values due to geometrical consideration (enlargement of the X-ray illuminated area). This indicates that the CDD sizes are almost equivalent in all space directions. To conclude, two approaches have been used to estimate the size of the crystallites/grains by applying XRD and AFM measurements on the same samples. The AFM observations [see, for instance, Fig. 1(c) in Ref. 5 and Fig. 2(a) in Ref. 33] allow estimating the in-plane grain size from the morphology at the free sample surface which is a rough estimate of the grain size and cannot be compared directly to CDD sizes since the latter is related to crystals with zero defects.
This explains why no meaningful Laue patterns could be obtained from the oxide films using white beam measurements (too low number of Laue spots and too high number of grains). On the other hand, the signal originating from the underlying substrate was exploitable and allows us to map the substrate grain orientation as shown in Figs. 5 and 6, both above adherent regions and delaminated areas. The phi Euler angle distribution obtained from analysis with the XMAS software permits us to calculate the grain disorientation distribution with respect to the sample axis. Such an Euler angle map is equivalent to the substrate grain orientation under the oxide film and can be compared to the one obtained from an Electron Backscatter Diffraction (EBSD) analysis. However, the latter technique is not applicable to the present case because of the too strong electron absorption through the oxide layer. Laue X-ray microdiffraction can therefore probe the substrate in-plane grain size distribution under delaminated areas, and the results indicate that buckles may form and reach dimensions spanning over several TABLE III. Stress level in GPa measured by XRD. In all cases, stresses are compressive. The minimum absolute value corresponds to the stress level determined for the lower cooling rate of 80 C per minute, while the maximum value corresponds to higher cooling rates of 500 C per minute.
3 h 18 h. substrate grains. This is the case, for example, in Fig. 5 for NiCr-30 after 3 h upon oxidation at 900 C (the red boxed area corresponds to the mapped zone). Delaminations can also be localized above a single substrate grain. This is the case in Fig. 6 for the system Cr 2 O 3 /Fe-47Cr after 18 h upon oxidation at 1000 C (the mapped zone was larger than the dimensions of the micrograph). It should be mentioned that the substrate grain size in Fe-47Cr is about 100 to 200 lm, while it is only 20-50 lm in Ni-30Cr. The main result here is that a delamination situation may occur either above several substrate grains or above one unique grain. Thus, the presence or absence of grain boundaries has no significant influence on the delamination initiation and localization processes. On the contrary, buckle propagation is certainly very sensitive to the substrate grain size and more precisely to thermomechanical property anisotropy of the metallic alloy. Indeed, an elongated spall shape has been previously observed for Fe-47Cr alloys. [32] [33] [34] As shown in Fig. 6 , delamination may propagate on a single grain giving rise to a circular buckle. In that case, the residual-stress state is equibiaxial which means that the in-plane thermomechanical properties of the single crystal are isotropic. This is not always the case since thermomechanical properties are grain orientation dependent and thus non equi-biaxial in-plane stress state in the oxide scale may develop on cooling for a particular single grain orientation leading then to the asymmetric shape of the buckle. However, confirmation of this hypothesis needs further bi-axial stress measurements on a large number of buckles for both alloys including asymmetric ones.
In order to get a reliable diffraction signal from the oxide scale, monochromatic X-ray beams with a larger probe size compared to the polychromatic mode have been used: the beam was about 4 lm 2 at ESRF Grenoble and 7Â2 lm 2 at ALS Berkeley. The monochromatic beam is obtained by inserting a monochromator in the path of the white beam. Typical Debye-Scherrer diffraction rings are shown in Fig. 7 for a commercial chromium oxide powder. In the case of chromium oxide layers, only the diffraction signal given by the Fe-47Cr alloys oxidized 18 h oxidation at 1000 C was detectable. Bucklings have been mapped in XY using the monochromatic beam, and Debye-Scherrer ring patterns were obtained at each scan step. Because of the poor quality of the Debye-Scherrer diffraction diagrams, due to the low coating thickness, an integration of the diffraction pattern has been done for each horizontal line of the XY map. The resulting X-ray patterns are then analyzed applying the sin 2 w method. 30 Consequently, an average residual stress profile through the buckle is obtained along a vertical line in Fig. 8 . In that case, the in-plane residual stress magnitude just around the buckling is about À1.5 GPa. These values decrease to about À0.6 to À0.2 GPa at the top of the buckle. The stress released region is about 70 lm diameter. Let us note that the stress magnitude measured in the adherent part around the buckle is close to the one obtained with macroscopic measurements (see paragraphs 3.1 and 3.2).
B. Stress distribution from Raman micro-spectroscopy maps
The Raman spectrometer coupled with an autofocus device leads to a high spatial resolution. This equipment gives access to three sets of information from the same part of the oxide film: an optical image giving, e.g., the size of the debonded zone, the local stress distribution, and the height profile above the oxide/substrate interface. It has been observed that buckles have often a quasi-circular shape and that the mean diameter increases from 10 to 15 lm to about 100 lm, during buckle propagation. The experimental conditions leading to the formation of buckles and spalls can be characterized by the oxidation parameters: oxidation time and temperature and cooling rate. 5 Raman spectra obtained from chromium oxide films (Fig. 3) are of sufficient good quality for an acquisition time of 15 s. Such low acquisition time permits obtaining two-dimensional maps through damaged zones of the oxide films in less than a few hours. The horizontal measurement increment can be reduced to 2 lm, with a lateral probed zone of 2 lm . In order to map with a good accuracy the same delaminated object by using either micro-Raman or micro-XRD, it has been necessary to mark some buckles for easy localization. It has been done by doing indentation mark far away from the buckles to make sure that such an indentation procedure will not perturb the strain/ stress distribution around the buckles. For the system Fe47Cr/Cr 2 O 3 after 18 h at 1000 C, the corresponding buckles (Fig. 9) give rise to in-plane stress magnitudes between À1.5 and À2 GPa close to the buckle. At the top, it is between À0.5 and 0 GPa. The stress released areas are comparable to the one obtained from micro-diffraction measurements (Fig.  8) . Overall, the two techniques give similar results. 
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Guerain et al. J. Appl. Phys. 122, 195105 (2017) However, Raman micro-spectroscopy presents some advantages: maps are obtained from a larger number of measurement points and offer better a spatial resolution and a better signal-to-noise ratio than monochromatic X-ray microdiffraction. The data analysis is also more straightforward.
V. CONCLUSION
Residual stress distribution in chromium oxide films grown on both Fe-Cr and Ni-Cr substrates has been studied as a function of oxidation temperature, oxidation duration, and cooling rate. For the first time, both X-ray diffraction and Raman spectroscopy have been used on the same samples at micro and macro length scales. The results obtained with both techniques at a macroscopic scale in the adherent parts of the films are in agreement. At the local scale, white beam micro-diffraction experiments show that buckles are located either over several substrate grains or on a single grain, indicating that the crystalline orientation and size of the substrate grains do not influence buckle nucleation and growth. Residual stresses have been determined locally through delaminated areas in oxide films using X-Ray monochromatic micro-beam and Raman micro-spectroscopy. The stress magnitudes and distribution obtained by both techniques are also in good agreement at this scale and show a high stress release between the top of a buckle and the adherent part. Because of its simplicity of use, Raman microspectroscopy will be favored in further studies for a detailed analysis of damaging by delamination in chromium oxide films, in the framework of thin plate theory used for buckling mechanic analysis. Finally, Laue micro-diffraction experiments reveal the polycrystalline structure of the substrate under damages occurring in the oxide scale and thus bring new insight into the asymmetric morphology (elongation) of some buckling, which may be attributed to elastic anisotropy of large single crystals in polycrystalline Fe-47Cr alloys.
